Response to the insect hormone ecdysone is mediated by a nuclear receptor complex containing Ultraspiracle (USP) and the Ecdysone Receptor (EcR). Among other phenotypes, loss of functional USP in Drosophila eye development results in an accelerated morphogenetic furrow, although loss of ecdysone arrests the furrow. We have shown that USP both represses and activates a gene affecting furrow movement, the ecdysone-responsive Z1 isoform of Broad-Complex, and we report additional usp mutant phenotypes. Using targeted replacement of USP to rescue usp mutant clones in the eye, we have mapped various USP functions and tested whether the USP nuclear receptor has an activating as well as a repressive effect on furrow movement. Furrow movement and related phenotypes are rescued by the presence of USP in a limited domain near the furrow while other phenotypes are rescued by USP expression posterior to the furrow. Our data indicate roles for USP activity at multiple developmental stages and help explain why loss of functional USP leads to furrow advancement while loss of ecdysone stops furrow movement. q
Introduction
The Ultraspiracle (USP) protein of Drosophila and other insects belongs to the nuclear receptor family of transcription factors and is homologous to the Retinoid X Receptor (RXR) of vertebrates (Oro et al., 1990) . Like RXR, USP forms heterodimers with other receptors to form active receptor complexes. USP and the Ecdysone Receptor (EcR) form a receptor complex mediating the effects of the steroid molting hormone ecdysone (Koelle et al., 1991; Yao et al., 1992 Yao et al., , 1993 . Like other RXR-containing heterodimers, USP/EcR dimers repress transcription in the absence of hormone and activate transcription in the presence of hormone (Tsai et al., 1999) .
Loss of functional USP in developing eye tissue results in advancement of the morphogenetic furrow as judged by the expression of the furrow-specific marker Decapentaplegic (Dpp), premature neuronal differentiation and misalignment of the ommatidial clusters. These data suggest that the USP nuclear receptor may normally repress aspects of furrow movement and post-furrow differentiation (Zelhof et al., 1997) . Such furrow advancement neither appears to result from alterations in the repressive functions of Extramacrochaete and Hairy on Atonal expression, nor does it appear to grossly alter signaling in the hedgehog, patched, dpp pathway, all important factors for furrow movement and cell differentiation in the eye (Heberlein et al., 1993; Ma et al., 1993; Ma and Moses, 1995; Strutt et al., 1995; Jarman et al., 1994; Brown et al., 1995; Dominguez and Hafen, 1997) . USP protein functions anterior to or within the furrow to regulate furrow movement and neuronal development, as replacement of USP posterior to the furrow does not rescue the above phenotypes. In usp 2 clones posterior to the furrow, the numbers of cells expressing mitotic Cyclin B decreases, suggesting that cells prematurely recruited into the ommatidia may be unavailable for later cell division (Zelhof et al., 1997) . usp gene activity is also needed to repress premature neuronal differentiation in the wing imaginal disc (Schubiger and Truman, 2000) .
While absence of USP causes the morphogenetic furrow to accelerate, loss of ecdysone results in furrow stoppage suggesting that the EcR/USP heterodimer may positively regulate the furrow (Brennan et al., 1998; Champlin and Truman, 1998) . This implicates the USP nuclear receptor www.elsevier.com/locate/modo in both repressive and activating functions in furrow movement. USP, as part of the EcR, may activate as well as repress genes necessary for furrow movement in different areas of the eye imaginal disc. This model is supported by the ability of the EcR/USP heterodimer to activate and repress target genes in culture in the presence or absence of ligand (Tsai et al., 1999) . Data supporting such a model must account for the notably different phenotypes occurring for loss of functional USP versus loss of the activating hormone, ecdysone.
While comparing the activities of partially functional usp alleles to the null, we have identified a target gene that USP both activates and represses in the eye. (Ghbeish et al., 2001 ; this paper). The Z1 isoform of the ecdysone-response gene Broad-Complex (BrC-Z1) is normally expressed posterior to the furrow but not anterior to the furrow (Emery et al., 1994; Bayer et al., 1996; Brennan et al., 2001 ). In the absence of ecdysone, both the BrC-Z1 and Hedgehog proteins are not expressed, causing the morphogenetic furrow to stop moving (Brennan et al., 1998) . In the absence of usp gene function, BrC-Z1 protein levels are elevated in all areas of the eye. However, wild-type postfurrow activation of the BrC-Z1 gene also appears to depend on usp gene activity as the hypomorphic usp 3 and usp 4 alleles maintain this activation (Ghbeish et al., 2001) . In this paper we examine the role of the usp gene in controlling cell fate and differentiation decisions in developing adult tissues. In doing so, we identify additional genes whose expression alters with loss of functional USP protein.
We further map regions of the developing eye that must express the USP nuclear receptor to control normal furrow movement, photoreceptor differentiation and ommatidial cluster arrangement. A separation between USP regulation of these phenotypes and functions that require usp gene activity posterior to the furrow is demonstrated in these experiments. Finally, we show that the usp gene is required for the post-furrow activation of BrC-Z1 in the eye and suggest an explanation as to why loss of fully functional USP leads to premature furrow advancement while loss of the ligand, ecdysone, stops furrow movement.
Results
As part of our search for additional phenotypes associated with usp mutations, and as a way of separating domains of usp gene activity within the developing eye, we examined the expression of various markers of cell fate and differentiation in clones lacking fully functional USP protein using both the hypomorphic usp 3 and the null usp 2 alleles of the gene. All results shown are of experiments using usp 3 , but both alleles give similar phenotypes with the markers described below.
Scabrous is misexpressed posteriorly in usp 2 clones
We first examined expression of the Scabrous protein, a secreted factor. Scabrous is expressed within the furrow, first in groups of several cells then only in differentiating R8 photoreceptors. The scabrous gene is involved in the Notch pathway as a putative ligand and is critical for R8 spacing and subsequent differentiation (Powell et al., 2001; Lee et al., 2000; Mlodzik et al., 1990; Baker et al., 1990; Baker and Zitron 1995) . As loss of the functional usp gene does not alter R8 spacing or specification (Zelhof et al., 1997) , we expected Sca protein expression to remain normal in usp mutant clones. Indeed, Sca expression within the furrow is normal in usp 2 clones (Fig. 1B-D) . Unlike our previous results using the dpp-lacZ marker (Zelhof et al., 1997) , furrow acceleration in these clones is not striking (Fig. 1D, arrows) . In usp mutant regions posterior to the furrow, Sca is expressed in domains where it is not present in wild-type tissue. Scattered Sca expressing cells appear several rows posterior to the normal endogenous pattern (Fig. 1C, arrowhead) . Since we do not observe Sca in this region in older wild-type discs (data not shown), this appears to be ectopic expression rather than an example of premature differentiation as seen with photoreceptor markers in previous experiments (Zelhof et al., 1997) . The delay in ectopic Sca expression suggests that USP does not directly regulate the sca gene. Alternatively, the cells just posterior to the furrow may contain additional factors that prevent ectopic Sca expression from occurring.
usp represses premature cone-cell differentiation
In usp mutant clones, neuronal differentiation occurs closer to the furrow (Zelhof et al., 1997) . Disorganized ommatidial clusters may be a consequence of this premature differentiation, possibly resulting from the failure to differentiate or incorporate the appropriate number of cells per ommatidial cluster. As the number and position of photoreceptors is unaltered in usp 2 clones (Zelhof et al., 1997) , we analyzed the effects of loss of functional USP on genes expressed in cone and pigment cells including tramtrack (ttk), cut, and BarH1. ttk encodes a transcription factor expressed in cone cells early during differentiation, which represses neuronal development (Lai et al., 1997) . Cut is a homeodomain protein present in cone cells and bristles, and BarH1 is a homeobox protein found in the primary pigment cells as well as the R1,6 photoreceptors (Fu and Noll, 1997; Higashijima et al., 1992) .
Normal ttk gene expression, as revealed by a lacZ reporter, begins in presumptive cone cells roughly six ommatidial rows behind the furrow (Lai et al., 1997) . In usp 2 clones, ttk-lacZ expression is elevated throughout the clone, including anterior to and within the furrow ( Fig. 2A-C) . However, ttk-lacZ expression levels further increase posterior to the furrow. This increase in expression begins roughly three rows ahead of the position at which wild-type Ttk protein expression increases ( Fig. 2A-C) . In addition, more cells in the post-furrow region express the ttk-lacZ reporter in usp 2 clones than in wild type, suggesting either that extra cone cells might be recruited into mutant ommatidia or that Tramtrack levels increase in non-cone cells ( Fig. 2A-C) .
Cut protein levels also increase in usp 2 clones. Increased expression occurs in cells many rows posterior to the morphogenetic furrow ( Fig. 2D-F) . To determine if this is ectopic expression or an example of premature differentiation in usp mutant regions, we asked if a similar increase in Cut protein levels occurs during a later developmental stage (Fig. 2G ). Wild-type pre-pupal eye imaginal discs show at the posterior a similar number of Cut expressing cells and level of expression as seen in usp mutant regions of third instar discs. We conclude that the Cut expression seen in posterior regions of usp 2 clones represents the premature differentiation of the cone cells.
Pigment cells are not normally determined or recruited into ommatidial clusters until the pupal stage. We tested for premature or ectopic differentiation of these cells by examining BarH1 protein expression. The Bar homeobox genes are expressed first in undifferentiated precursors then later in differentiating R1/6 photoreceptors and primary pigment cells (Higashijima et al., 1992) . Previous results show that the R1and R6 photoreceptors differentiate prematurely in usp mutant regions (Zelhof et al., 1997) . As expected from these previous results, expression of BarH1 protein in R1/R6 cells and the undifferentiated precursors occurs prematurely in usp 2 clones ( Fig. 3H -J). However, judging by the position and number of expressing cells, premature expression in the pigment cells is not apparent in late third instar larvae.
usp negatively regulates wing margin bristle differentiation
To assess a general role for the usp gene in the timing or position of pre-metamorphic differentiation, we examined usp gene function in the third instar wing imaginal disc. Previous experiments revealed that premature differentiation of the triple row bristle neurons (along the anterior dorsal/ventral (D/V) boundary of the wing) occurs in usp 2 clones (Schubiger and Truman, 2000) . Cyclin B staining also increases along the D/V boundary in usp mutant clones ( Fig. 3A-C) . This is probably due to the cell divisions associated with premature bristle differentiation.
Premature differentiation of the bristle complexes of the triple row is further indicated by premature high expression of Cut protein in this region in usp 2 clones ( Fig. 3D-F ). In the wing, Cut is a determinant of bristle differentiation and is found in all cells in the bristle complex including the nonneuronal cells (Blochlinger et al., 1990 (Blochlinger et al., , 1993 . Expression of Cut protein in the triple row bristles does not normally occur until several hours after puparium formation (Blochlinger et al., 1993) . In usp 2 clones, early Cut expression during the third instar is consistent with premature bristle neuron differentiation and indicates that premature differentiation initiates at a step earlier than neuronal determination as determined by the neuronal marker ELAV (Schubiger and Truman, 2000; Bier et al., 1988) .
We also looked at ttk-lacZ expression. ttk gene function is involved in the determination of neuronal versus non-neuronal cells controlled by Notch signaling in the peripheral nervous system. ttk-lacZ is expressed in the non-neuronal cells that make up the bristle complexes (Guo et al., 1995 (Guo et al., , 1996 . In third instar wing discs, ttk-lacZ expression appears dynamic and normally begins to increase along the D/V boundary just before puparium formation (data not shown). The disc shown here is just prior to this normal increase in ttk-lacZ when the marker is present at uniformly low levels throughout the disc (Fig. 3G-I ). In usp 2 clones, ttk-lacZ expression increases, particularly close to the wing margin where premature bristle differentiation is occurring (Fig. 3G-I , data not shown). The increase in ttk-lacZ expression in usp 2 wing clones especially near the margin probably reflects premature differentiation of the non-neuronal cells of the bristle complexes as part of the overall premature differentiation of these bristles. As in the eye, ttk gene activity represses the neural fate during bristle differentiation (Guo et al., 1995) .
All of the early wing phenotypes shown are consistent with the role that the usp gene plays in eye development. In both tissues, the wild-type USP nuclear receptor negatively regulates differentiation until a proper timing cue for differentiation occurs. In each tissue, aspects of differentiation such as the identification of neural precursor cells and initial cell fate decisions seem to follow normal if accelerated pathways in usp mutant clones (Zelhof et al., 1997; Schubiger and Truman, 2000 ; this paper).
Using targeted wild-type USP expression to rescue usp 2 phenotypes
We wished to determine if all identified usp 2 phenotypes in the eye disc represent the consequence of a single failed function, or if the usp gene functions at multiple times in the regulation of different decisions. In order to answer this question, regions in which targeted USP protein could rescue usp mutant phenotypes were mapped. We previously showed that a pGMR-usp 1 construct which expresses the USP protein in all cells posterior to the furrow failed to rescue furrow advancement, premature neuronal differentiation and ommatidial disorganization. This indicates that the usp gene must function anterior to, or within the morphogenetic furrow in order to regulate these processes (Zelhof et al., 1997) . For further analysis we used the GAL4-UAS system (Brand and Perrimon, 1993) to target USP to defined regions of the eye imaginal disc.
USP functions within the furrow in order to regulate furrow phenotypes
We began our rescue analysis of usp 2 clones by using pGMR-GAL4 to drive USP expression. pGMR-GAL4 drives strong reporter expression beginning three to four rows behind the furrow (Fig. 4A) . This is roughly three to four rows posterior to the start of pGMR-usp 1 expression (Fig.  4D ). In accordance with previous research (Zelhof et al., 1997) , pGMR-GAL4 driving UAS-usp 1 expression in usp 2 clones does not rescue the furrow phenotypes ( Fig.  5A-C) .
To verify that more anterior expression could rescue the usp 2 phenotypes, we used hairy-GAL4 (h-GAL4) to drive UAS-usp 1 expression. Reporter gene expression driven by h-GAL4 spans the morphogenetic furrow with strong expression beginning anterior to the furrow and continuing posterior to the furrow due to protein perdurance (Fig. 4C) . A complete rescue of all furrow phenotypes is predicted from this expression domain and is seen in experimental animals ( Fig. 5D-F) .
The data from h-GAL4, pGMR-usp and pGMR-GAL4 experiments indicate that rescue of furrow movement, premature differentiation and ommatidial disarrangement requires USP protein expression in a domain extending from the anterior boundary of expression driven by h-GAL4 to the anterior edge of expression driven by pGMR-usp, just posterior to the furrow. To further subdivide this region, we used a GAL4 driver generating expression between these two boundaries, dpp57-GAL4. Normally, the Dpp protein is expressed within the furrow as is seen with the dpp-lacZ reporter (Blackman et al., 1991) . However, dpp57-GAL4 drives reporter gene expression in a pattern that varies with D/V position across the disc. Near the center of the disc, medium to low levels of expression begin just posterior to the furrow while at the margins very high expression begins anterior to the furrow. The boundary of expression shifts anteriorly from the center to the margin (Fig. 4B) . For most of the eye disc, the dpp57-GAL4 expression domain maps just slightly ahead of pGMR-usp 1 expression (Fig.  4E) . Levels of USP driven by dpp57-GAL4 are greater throughout the disc than endogenous USP protein (data not shown). At the very edges of the disc, rescue is seen due to USP expression occurring well anterior to the furrow. However, rescue is also evident in clonal areas further away from the margins where expression barely precedes pGMRusp 1 expression (Fig. 5G-I ). Rescue by exogenous USP just anterior to the pGMR-usp 1 domain suggests that USP is necessary in a limited domain close to the furrow in order to prevent furrow advancement, premature neuronal differentiation and disorganized ommatidia. Because USP protein perdures into the posterior regions of the disc, these experiments do not address the question of whether, once USP has functioned in this narrow region, additional USP activity posterior to the furrow is necessary to maintain the state established in the furrow.
USP functions posterior to the furrow
Since the above experiments map a set of usp gene functions to a domain near or in the furrow, we wished to determine if all posterior phenotypes are determined by USP nuclear receptor activity in this domain, or if some phenotypes depend upon USP expression posterior to the furrow. For these experiments, we used pGMR-usp 1 , which targets USP protein posterior to the furrow and which does not rescue, the phenotypes discussed in the previous section (Zelhof et al., 1997) . We then tested for rescue of phenotypes involving expression of the markers Sca, ttk-lacZ, Cut, the ecdysone-responsive gene BrC-Z1 and Cyclin B.
pGMR-usp 1 rescues both Scabrous misexpression and premature Cut expression in the posterior of late third instar discs ( Fig. 6A-F) . Additionally, pGMR-usp 1 is able to rescue, posterior to the furrow, the high BrC-Z1 levels normally found in usp 2 clones (Schubiger and Truman, 2000; Ghbeish et al., 2001 ; data not shown) as well as premature and high levels of ttk-lacZ (data not shown). These results clearly demonstrate that some USP functions can occur posterior to the furrow, without regard for whether the USP protein was present more anteriorly or earlier in development.
We previously observed that regions posterior to the furrow lacking functional USP have fewer Cyclin B-expressing cells (Zelhof et al., 1997) . This may reflect premature recruitment of cells into ommatidial clusters, leaving fewer cells available for later divisions and appropriate cluster completion. If so, this may account for the ommatidial disorganization observed in usp mutant regions. Results with pGMR-usp 1 disprove this possibility. pGMR-usp 1 restores the number of Cyclin B-expressing cells to a wild-type level revealing that Cyclin B expression depends on the presence of USP protein posterior to the furrow ( Fig.  6G-I ). These results partially unlink cell cycle control from furrow regulation and suggest that lack of cells for later division or inclusion into the ommatidial clusters is not the cause of the disordered ommatidia seen in usp mutant regions.
usp activates the BrC-Z1 in the eye
Recently, we have shown that the usp 3 and usp 4 point mutations lack most repressive capacity, but maintain at least some residual activation ability (Ghbeish et al., 2001) . For example, they are able to activate transcription of the EcR, which is itself an ecdysone-responsive gene, as well as in vitro targets (Karim and Thummel, 1992; Truman, 2000, Ghbeish et al., 2001) . usp protein null, does not activate EcR transcription. Additionally, all usp alleles result in a drastic increase in BrC-Z1 expression in all areas of the eye imaginal disc as well as premature expression of b -FTZ-F1, both ecdysoneresponse genes (Ghbeish et al., 2001; Schubiger and Truman, 2000) . Normally, BrC-Z1 protein is seen only posterior to the morphogenetic furrow. In usp 3 and usp 4 clones, in addition to high levels of BrC-Z1 protein anterior to the furrow, expression further increases in the region posterior to the furrow where BrC-Z1 is normally activated, indicating some residual post-furrow activating function of these alleles ( Fig. 7A-C ; Ghbeish et al., 2001 ; data not shown). usp 2 clones show no such activation and derepressed BrC-Z1 levels anterior to the furrow equal BrC-Z1 levels posterior to the furrow (Fig. 7D-F results demonstrate a role for USP in the activation and repression of a gene critical for normal furrow movement and neuronal differentiation and provide a link between the loss of ecdysone phenotype in the eye (furrow stoppage) and loss of usp (furrow acceleration). Loss of ecdysone is known to cause loss of BrC-Z1 (Brennan et al., 1998 (Brennan et al., , 2001 .
Discussion
Our data demonstrate that the usp gene regulates the expression of multiple genes involved in differentiation in developing imaginal discs. Most, but not all, usp mutant phenotypes in developing discs appear to involve premature gene expression in otherwise normal target cells. In the eye disc, normal morphogenetic furrow movement, photoreceptor differentiation and ommatidial organization depend on USP activity in a limited domain near the furrow while other functions require USP posterior to the furrow. The usp gene likely affects furrow movement and photoreceptor differentiation in part by regulating the BrC-Z1. Loss of the function of the USP protein as a repressor of BrC-Z1, and perhaps other genes, in the furrow region is sufficient to account for many of the usp 2 furrow-associated phenotypes. Conversely, stoppage of the furrow in the absence of ecdysone probably results from continued BrC-Z1 repression by the EcR/USP complex.
USP affects the timing of cell differentiation in imaginal discs
Loss of functional USP affects multiple genes involved in cell determination in the eye such as scabrous, cut and tramtrack as well as neuronal seven-up, elav and spalt (Zelhof et al., 1997) . For most of these markers, expression occurs prematurely, although cellular differentiation appears to occur normally. For example, in usp mutant regions, the Cut protein is first expressed toward the posterior of the third instar eye disc, while in wild-type eye discs Cut expression in the same region is seen later during prepupal development. In the wing, multiple markers of various stages of bristle complex determination and differentiation, such as ELAV, Cut, ttk-lacZ and Cyclin B, are expressed prematurely at the site of the future triple row of bristles (Schubiger and Truman, 2000; this paper) . These data suggest that the usp gene behaves as a timer causing cellular differentiation to occur at the proper pace in imaginal disc development.
Scabrous protein misexpression posterior to the furrow in usp 2 clones appears to be an exception to the model of premature but normal differentiation in usp mutant clones. The sca gene is required for spacing and specification of the R8 photoreceptors Baker and Zitron, 1995; Mlodzik et al., 1990 ) and expression associated with this function is normal in usp 2 tissue. On the other hand, usp mutant regions show Sca positive cells posterior to the furrow. We do not see Sca expression in these regions in wild-type larval or pre-pupal discs, and no additional roles in eye development have been reported for sca. Thus, this phenotype appears to be true misexpression rather than premature expression. It remains possible that ttk-lacZ expression in usp mutant clones represents ectopic as well as premature expression, suggesting increased numbers of differentiating cone cells. However, examination of Cut expression suggests merely premature differentiation, not extra cone cells.
We would also like to discuss here the lack of striking furrow acceleration seen in usp mutant clones using Sca as a marker. This brings up the possibility that loss of usp does not result in furrow acceleration as previously reported, although premature photoreceptor differentiation is still evident (Figs. 2H-J and 5A-C). However, we have clearly seen that furrow acceleration occurs in usp 2 tissue as judged by dpp-lacZ, which has a more limited expression pattern within the furrow than does Sca (Zelhof et al., 1997) . We would also like to point out that loss of usp results in a subtle advancement of the furrow, which can only clearly be seen in long usp 2 clones.
3.2. USP has separable functions in the eye imaginal disc usp mutant phenotypes occur at multiple regions of the eye disc. Using targeted USP protein in usp mutant clones, we have been able to rescue various usp mutant phenotypes and map the different regions in which USP protein is needed. The initiation of USP protein expression in a limited domain near or in the furrow is able to rescue a series of phenotypes, some of which are revealed posterior to the furrow. These include premature furrow advancement and neuronal differentiation, as well as disarrangement of the ommatidial clusters. USP protein expression initiating posterior to the furrow will not rescue these phenotypes. Other functions, such as maintaining the appropriate number of Cyclin B positive cells, and posterior repression of ttk-lacZ, cut, and sca can be rescued by targeting USP protein posterior to the furrow.
We posited that extra cells taking on a cone cell fate, or cells being recruited into clusters ahead of appropriate mitotic divisions, might leave too few cells for later functions, resulting in disarrangement of the ommatidia. Our data do not support these models. ttk, a gene expressed in cone cells, is expressed prematurely and perhaps more broadly, in usp 2 clones. However, this phenotype is rescued by usp transcription beginning posterior to the furrow, even though the ommatidia remain disarranged. Thus, premature cone-cell fate does not cause the abnormal cluster morphology. Similarly, the number of cells expressing Cyclin B returns to normal with post-furrow targeting of the USP protein, but the ommatidial clusters remain disorganized. Neither precocious recruitment of these Cyclin B-expressing cells into clusters nor a decrease in the number of potential mitotic cells posterior to the furrow causes the ommatidial disarrangement phenotype present in usp mutant clones.
USP function and the role of ecdysone in the developing eye disc
This and previous studies clearly show that the ultraspiracle gene functions as a repressor of differentiation in both the eye and wing imaginal discs. Loss of functional USP results in the premature differentiation of multiple cell types including the photoreceptors and the cone cells in the eye. Furthermore, USP represses the ectopic expression of at least one gene, scabrous. This repressive function may or may not be due to direct activity of the USP nuclear receptor on target genes either as part of the EcR complex, alone, or as part of another nuclear receptor complex.
Examination of the role of the usp gene in the regulation of BrC-Z1 may be particularly informative. BrC-Z1, a known target for regulation by USP/EcR protein complexes, is not normally expressed anterior to the furrow, but is upregulated just posterior to the furrow (Emery et al., 1994; Bayer et al., 1996 , Brennan et al., 1998 . Loss of USP nuclear receptor repressive function leads to high level expression of BrC-Z1 protein both anterior and posterior to the furrow. A null allele of usp shows no further postfurrow activation, but the partially functional usp 3 allele allows increased posterior expression consistent with USP-mediated activation as well as repression (Schubiger and Truman, 2000; Ghbeish et al., 2001 ; this paper). Readdition of usp 1 in a position specific manner shows that wild-type BrC-Z1 levels return once USP protein is expressed (Ghbeish et al., 2001) .
The expression of BrC-Z1 protein in the presence and absence of usp gene activity allows us to analyze the relative magnitude of the USP nuclear receptor repression and activation functions in an in vivo context. Surprisingly, the level of post-furrow BrC-Z1 protein in wild-type regions is substantially lower than the level of expression resulting from the complete loss of usp gene activity. Thus, for at least this particular situation, the repression of intrinsic gene expression activity by an RXR-containing complex is far greater than the level of gene activation. This may explain why the eye phenotypes of all three usp alleles are similar, since both null and missense alleles have levels of BrC-Z1 protein well above those seen in wild-type discs.
The observations concerning the effects of loss of usp gene function on BrC-Z1 protein expression may resolve a superficial paradox of eye development. usp mutations increase the rate of furrow movement (Zelhof et al., 1997) while loss of ecdysone stops the furrow (Brennan et al., 1998; Champlin and Truman, 1998) . Additionally, loss of ecdysone decreases the level of BrC-Z1 protein posterior to the furrow and loss of BrC-Z1 results in disruption of neural differentiation and the furrow (Brennan et al., 1998 (Brennan et al., , 2001 ). This suggests that ecdysone regulation in the eye is mediated in part by the BrC-Z1 gene. It is possible that additional ecdysone-responsive genes are regulated in this dual manner by the EcR/USP complex during furrow movement.
These results are completely consistent with our observations. In the absence of hormone activity, BrC-Z1 gene activation is repressed. Posterior to the furrow, the consequences of such repression help explain the furrow stoppage phenotype, especially as loss of BrC-Z1 gene function leads to a loss of the critical furrow activator, Hedgehog (Brennan et al., 1998) . By contrast, loss of the fully functional USP nuclear receptor, far from leading to a loss of BrC-Z1 protein expression, leads to high level expression, both anterior and posterior to the furrow. This high level of BrC-Z1 protein in usp mutant regions may help explain the furrow advancement phenotypes. In the region in or very near the furrow, other regulatory genes such as hairy, extramacrochaete, atonal, hedgehog, patched and decapentaplegic function to initiate eye differentiation (Heberlein et al., 1993; Ma et al., 1993; Ma and Moses, 1995; Strutt et al., 1995; Jarman et al., 1994; Brown et al., 1995; Dominguez and Hafen, 1997) . High levels of BrC-Z1 protein in this region may induce slightly premature differentiation of photoreceptor cells. This would lead to slightly premature Hedgehog protein expression and possibly incrementally faster furrow movement. Summed across a large usp mutant clone, this would appear as notable furrow advancement.
Recent results suggest that the EcR may not play a role in eye development (Brennan et al., 2001) . Similarly, we see that partially functional EcR mutants do not lead to any obvious defects in furrow movement, neuronal differentiation or cluster formation (unpublished observations). As these data are based on partially functional alleles, conditional rescue of a null allele and a limited number of small EcR mutant eye clones, it is possible that the EcR nuclear receptor may play a role in eye development not uncovered by these experiments. Alternatively, a novel EcR and partner for USP may exist in the eye.
Conclusions
In summary, our results show a role for the usp gene in controlling the timing of gene expression and differentiation in developing imaginal discs. In the eye disc some functions are very closely linked to events at the morphogenetic furrow, while others are clearly posterior to the furrow.
